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The influence of deposition modes on the phase-structural state, corrosion 
resistance, and adhesive strength of vacuum-arc multi-period NbN/Cu coat-
ings is studied. It was found that in thin layers (about 8 nm, in a constant 
rotation mode), regardless of the change in the pressure of the nitrogen 
atmosphere, a metastable δ - NbN phase forms (cubic crystal lattice of the 
NaCl type). At a layer thickness of ~ 40 nm or more, a phase composition 
changes from the metastable δ - NbN to the equilibrium ε - NbN phase 
with a hexagonal crystal lattice. In the presence of the ε - NbN phase in the 
niobium nitride layers, the highest adhesive strength is achieved with a val-
ue of LС5 = 96.5 N. Corrosion resistance tests have shown that for all the 
studied samples the corrosion process has mainly an anodic reaction. The 
highest corrosion resistance was shown by coatings obtained at a pressure 
of 7·10-4 Torr, with the smallest bias potential of -50 V and the smallest 
layer thickness; with a thickness of such a coating of about 10 microns, its 
service life in the environment of the formation of chloride ions is about a 
year.
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1. Introduction
Niobium nitride (NbN) has a high melting point (about 2600 K), which is determined by the high binding energy (14.81 eV) [1]. NbN-based coat-
ings have high functional characteristics (high hardness, 
wear resistance [2] and oxidation resistance [3], etc.), and 
also have a high critical temperature of superconductiv-
ity (Tс ≈ 16 K) [4]. There are several phases in the Nb-N 
system: β, δ, ε, γ, δ´, and η [5], which allows one to create 
different phase-structural states of coatings from niobium 
nitrides. Moreover, as is known, for nonequilibrium for-
mation conditions (using vacuum-arc methods) for transi-
tion metal mononitrides, modifications with the structural 
type of NaCl are most often stabilized [6,7].
It is known that the properties of thin MeN films can be 
improved by adding a second “immiscible” metal (where 
Me is a transition metal) [8]. As an immiscible metal, 
Cu and Ag are used. In such a combination (MeCu and 
MeAg) materials have a good prospect for use as coatings 
in medical technology. Therefore, it is very important to 
know the adhesive strength and corrosion resistance of 
such coatings, which this work is devoted to [9].
The second important goal of this work was to estab-
lish the relationship of the deposition parameters with the 
phase-structural state and properties. This is the basis of 
structural engineering [10] and allows one to achieve the 
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necessary properties by modeling the structure.
2. Material and Methods
The coatings were deposited on AISI 321 austenitic steel 
by the vacuum-arc method at the “Bulat-6” installation 
with various technological deposition conditions, the 
modes of which are given in Table 1.
Table 1. Technological parameters of deposition of NbN/
Cu coatings
Series РN, Torr Ub, V The condition for obtaining Layer Thickness
1 7·10-4 -50
constant rotation of about 8 nm
2 3·10-3 -50
3 7·10-4 -50
20 s interval 40 nm
4 7·10-4 -200
5 3·10-3 -100 120 s – Cu300 s – Nb
240 nm – Cu 600 
nm – Nb
Working gas pressure (PN) during coating deposition 
was 7·10-4 or 3·10-3 Torr; the bias potential supplied to 
the substrate varied from -50 to -200 V. The deposition 
was carried out from 2 sources (Nb and Cu) in the regimes 
with a constant rotation speed (rotation speed of 8 rpm) 
and in discrete mode (with a stop for 20 seconds near each 
of the plasma sources or with a stop of 120 s and 300 s for 
Cu and Nb layers, respectively). The total coating time 
was 1.5 hours. The thickness of the coatings was about 12 
μm.
The phase-structural state of the samples was studied 
by X-ray diffractometry using a DRON-4 apparatus in 
Cu-Kα radiation. To monochromatize the detected radia-
tion, a graphite monochromator installed in the secondary 
beam (in front of the detector) was used. To decode the 
diffraction patterns, tables of the Powder Diffraction File 
international center were used [11]. The separation of pro-
files into components was carried out using the NewPro-
file software package (developed by NTU KhPI, Ukraine).
The surface morphology of the coated samples was 
studied using optical and scanning electron microscopy 
(SEM) on ZEISS AXIO Ver A1 instruments and FEI Nova 
NanoSEM 450, respectively.
The coatings were examined for their corrosion resis-
tance during electrochemical processes. Electrochemical 
tests were carried out using a 3-electrode cell with a ca-
pacity of 200 ml and a Biologic SP-150 potentiostat. The 
cell consists of a coated sample (working electrode), a sat-
urated calomel electrode (reference electrode), and a plat-
inum electrode (counter electrode). Corrosion resistance 
was assessed by measuring the open-circuit potential for 
1.5 hours in a solution of 0.9% NaCl at room temperature.
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Impedance spectroscopy was performed in the frequen-
cy range from 10-2 to 105 Hz. The potentiodynamic polar-
ization test was carried out in the range from -0.6 to +1 V 
at a scan speed of 1 mV/s. The contact area of the sample 
with the electrolyte was 0.196 cm2.
Determination of adhesive and cohesive strength, re-
sistance to scratching and elucidation of the mechanism 
of destruction of coatings was carried out using a scratch 
tester Revetest (CSM Instruments). The contact load was 
0.9 N, and the loading speed was 5 N/s.
3. Results and Discussion
The study of surface morphology showed that for coat-
ings at a pressure of PN = 7·10-4 Torr, the bias potential 
increases from -50V (Figure 1 a) to -100V (Figure 1 e) 
and - 200V (Figure 1 g) leads to a decrease in the number 
and size of the droplet phase. An increase in pressure from 
7·10-4 to 3·10- 3 Torr (Figure 1 b) also leads to a decrease 
in the amount of the drop phase.
 
a
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Figure 1. Surface morphology of coatings for the studied 
series of coatings
The energy dispersion spectra and elemental composi-
tion of the studied coatings are shown in Figure 2.
a
b
c
d
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a - series 1, b - series 2, c - series 3, d - series 4, e - series 5
Figure 2. Energy dispersive spectra with data on elemen-
tal composition
It can be seen that for series 1 and 2 obtained in the 
constant rotation mode, the elemental composition re-
mains almost unchanged with increasing pressure of the 
nitrogen atmosphere. Series 3 and 4, obtained at a pres-
sure of PN = 7·10-4 Torr in the discrete mode, have a no-
ticeable difference: with an increase in the bias potential 
from -50 V to -200 V, the amount of copper decreases by 
2 times.
The study of the phase-structural state was carried out 
using the XRD method. The X-ray diffraction spectra of 
the coatings are shown in Figure 3.
1 - PN = 7 · 10-4 Torr, Ub = -50 V; 2 - PN = 3 · 10-3 Torr, Ub = -50 V; 
3 - PN = 7 · 10-4 Torr, Ub = -50 V; 4 - PN = 7 · 10-4 Torr, Ub = -200 V; 
5 - PN = 3 · 10-3 Torr, Ub = -100 V
Figure 3. X-ray diffraction spectra of NbN/Cu multilayer 
coatings
It can be seen that at a relatively low pressure PN 
= 7·10-4 Torr (spectrum 1, Figure 3) in the constant 
rotation mode, two phases are formed with an fcc crys-
tal lattice (structural type NaCl): metastable δ-NbN 
(JCPDS 38-1155) and Cu (JCPDS 89-2838). The peak 
ratio is close to the standard for the fcc lattice; there-
fore, no pronounced texture is observed. An increase in 
pressure to 3·10-3 Torr (spectrum 2, Figure 3) leads to 
a qualitative change in diffraction spectra. In addition 
to the formation of the axis of preferential orientation 
[11], a diffraction peak is revealed from the equilibrium 
ε-NbN (JCPDS 89-4757) phase with a hexagonal lat-
tice.
An increase in the layer thickness to 40 nm (spectra 3, 
4, Figure 3) leads to the formation of only the equilibrium 
ε-NbN phase and Cu. An increase in the bias potential to 
Ub = –200 V (spectrum 4, Figure 3) does not lead to a 
change in the phase composition. However, in this case, 
the preferred orientation of crystallites with the (004) 
plane perpendicular to the growth surface is formed.
At the largest layer thickness (about 240 nm for Cu 
and 600 nm for NbN), a complete spectrum of diffraction 
peaks of ε-NbN and Cu phases is formed without a notice-
able preferential orientation (spectrum 5, Figure 3).
Corrosion testing allowed us to determine the potential 
(Ecorr) and current (Icorr) of corrosion by extrapolation 
using the Tafel method. Figure 4 presents potentiodynam-
ic polarization curves (graphs of the dependence of the 
potential on the density of the logarithm).
1 – series 1, 2 – series 2, 3 – series 3, 4 – series 4, 5 – series 5
Figure 4. Potentiodynamic polarization curves
As can be seen from Figure 4, for all series of coatings, 
the process is controlled by the anode part of the polariza-
tion curves [12]. From the above curves, the slope coeffi-
cients of the linear sections of the anode and cathode parts 
βc and βa were obtained (Table 2).
The corrosion rate is proportional to the corrosion cur-
rent and was calculated by the formula
 (1)
where CR is the corrosion rate, mm/year; Icorr - corro-
sion current, mA; K is the conversion factor determining 
the unit of measurement of the corrosion rate; EW - equiv-
alent weight, gram- equivalent; d is the density, g/cm3; A 
is the sample area, cm2.
Additionally, the polarization resistance (Rp) of the 
Tafel curves was calculated using the Stern-Geary equa-
tion [13], which takes into account both the current density 
and the slope of the polarization curves.
The calculation results are given in table 2.
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Table 2. Potentiodynamic polarization test results
Se-
ries Еcorr, mV
Icorr, 
mА
βа, mV βс, mV CR, mm/year Rp, Ohm·cm2
1 -208,347 9∙10-5 119,2 103,6 8,14∙10-3 5252,8
2 -138,302
4,21∙10-
4 104,2 187,5 38∙10-3 13563,2
3 -258,219
1,17∙10-
3 181,7 290,0 106∙10-3 8094,8
4 -303,715
1,96∙10-
3 2155,7 286,3 176∙10-3 10976
5 -174,249
1,48∙10-
3 83,4 156,5 134∙10-3 2352
As can be seen from the table 2, all coatings have good 
corrosion resistance, regardless of the coating conditions 
(table 1). However, the results show that the application 
mode and the number of layers change the resistance of 
the coating in an aggressive environment. So, the best 
indicators of corrosion resistance are characteristic of 
coatings of series 1 and 2 obtained in the continuous 
deposition mode (when the layer thickness is minimal and 
about 8 nm), as well as with the smallest bias potential (Ub 
= -50V). Which may be explained by the lower defective-
ness of thin layers.
1 – series 1, 2 – series 2, 3 – series 3, 4 – series 4, 5 – series 5
Figure 5. Curves of corrosion potential over time
As can be seen from the curves in Figure 5, during the 
interaction of the coating with the electrolyte medium, the 
surface layer slowly dissolves with a slight manifestation 
of pitting. This situation is typical for the series of sam-
ples 1, 3, 4. To a greater extent, the same trend is observed 
for series 5 (except for pitting formation). The behaviour 
of the coating of series 2 is radically different. At the ini-
tial time, the corrosion potential is relatively large, but it 
decreases with a tendency to stabilize.
The resistance of charge transfer through protective 
coatings using Nyquist curves was also evaluated. The 
curves themselves for the systems under consideration 
and the equivalent circuit model are shown in Figure 6.
Based on the conducted corrosion tests, the best in-
dicators of corrosion resistance were shown by coatings 
of series 1 and 2. Additionally, studies were carried out 
for these 2 series, which allow us to determine one of the 
most important characteristics of the mechanical proper-
ties of coatings - adhesive strength. To determine it, the 
method of scratch testing was used.
C1, C2 - the capacity of the double layer and coating, respectively; R1, 
R2 - resistance of the electrolyte and phases in the coating, respective-
ly 1 – series 1, 2 – series 2, 3 – series 3, 4 – series 4, 5 – series 5
Figure 6. Nyquist curves and equivalent electrolyte-coat-
ing circuit model
Figure 7 shows the wear paths in the region of LC 
critical points during loading. The resulting critical point 
values for these areas are given in table 3.
LC1
a                                                          b
LC2
a                                                          b
LC3
a                                                          b
LC4
a                                                          b
Figure 7. Wear paths at critical points under LC loading 
for coatings of series 1 (a) and 2 (b)
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Table 3. The magnitude of the load in the region of criti-
cal points LC
Series
The value of the load in the region of critical points, N
LC1 LC2 LC3 LC4 LC5
1 23.6 29.5 34.3 38.6 61.8
2 23.8 30.3 35.3 40.1 96.5
It can be seen that in the area of primary crack forma-
tion and up to the critical point LC4, coatings of series 1 
and 2 have almost the same values. However, the critical 
point LC5 (the load at which complete abrasion of the 
coating occurs) is higher for series 2. This can be attribut-
ed to a change in the phase-structural state and the appear-
ance of the ε-NbN phase, as well as a significant decrease 
in the droplet phase on the coating surface.
4. Conclusions
Studies have shown that the technological parameters of 
deposition have a significant impact on the phase-structural 
state, corrosion resistance and adhesive strength. An optimal 
deposition mode has been established to obtain the best cor-
rosion resistance indicators: a bias potential of -50 V at the 
smallest layer thickness of ~ 8 nm. In this mode, a metastable 
phase of δ-NbN and Cu with a face-centered crystal lattice is 
formed. Comparison of coatings of series 1 and 2 (showing 
the best values of corrosion resistance) on adhesive strength 
show that higher adhesion strength indications for series 2 
(critical load LC5 = 96.524 N). Based on the data obtained, 
it is clear that there is no universal structural state that pro-
vides both the highest adhesive strength and corrosion re-
sistance. However, the necessary functional properties can 
be achieved by structural engineering at the stage of coating 
formation. In this work, it was found that the complex of the 
highest functional characteristics is characteristic of coatings 
of series 1. They were obtained at a pressure of 7·10-4 Torr, 
a bias potential of -50 V, a layer thickness of 8 nm and have a 
δ-NbN phase in niobium layers (no pronounced texture is ob-
served). These coatings have the best indicators of corrosion 
resistance among the investigated series of coatings, while 
also quite high values of adhesive strength. The assessment 
showed that with a thickness of such a coating of about 10 
microns, the resource of its operation in an aggressive envi-
ronment is about a year.
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